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Abstract 
In this study, electrophoretic deposition (EPD) technique was used to deposit titanium dioxide 
(TiO2) thin films on conducting glass substrates for application in photocatalytic degradation of 
organic pollutants in water. Phenol was used as a model pollutant. The EPD suspension related 
parameters and deposition conditions were first optimized for good quality film deposits. The 
suspension stability and deposition conditions that result in good adherence of TiO2 particles to the 
substrate with homogeneous film coatings  are ethanol, a TiO2 solid loading of 4 wt%, a 0.2 wt% 
iodine concentration in the solvent and a deposition voltage of 20 V in a time of 3.5 minutes. The 
photocatalytic activity of TiO2 thin films decreased exponentially with the ultraviolet light (UV) 
illumination time and it was also dependent on film thickness, and sintering temperature of the 
TiO2 thin films. Highest rate of photocatalytic activity was observed at an optimal film thickness 
of 95 ± 2 µm sintered at 300 °C. The implications of these results are discussed for design of 
inexpensive wastewater purification systems for light industries as well for semi urban small 
communities. 
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Introduction 
Today, the whole world is facing a series of 
environmental problems such as 
contaminated ground water and hazardous 
waste effluents from advanced 
industrialization which have increased the 
organic contaminants in natural waterways 
thereby presenting toxicological hazards to 
plants, marine and animal lives (Bukowska 
and Kowalska 2003). There is therefore a 
need to improve water treatment for human 
consumption and for proper functioning of 
the ecosystems. Although several techniques 
have been employed for water treatment 
such as adsorption, chemical oxidation and 
biological treatment, most of these methods 
are however either slow or non-destructive 
for some more persistent organic pollutants.  
 
One of the most advanced water purification 
systems is heterogeneous photocatalysis 
using solar or UV light and a photocatalyst. 
Heterogeneous photocatalysis employing 
semiconductor catalysts (TiO2, ZnO, Fe2O3, 
CdS, GaP and ZnS) has demonstrated its 
efficiency in degrading a wide range of 
organics such as alkanes, haloalkanes, 
aliphatic alcohols, carboxylic acids, alkenes, 
aromatics, haloaromatics, polymers, 
pesticides, and dyes into generally harmless 
carbon dioxide and water (Lazar et al. 2012, 
Jin-hui 2012, Atul et al. 2013). Among the 
semiconductor catalysts, titanium dioxide 
(TiO2) nanoparticles offer great advantages 
for detoxification of wastewater since they 
are inexpensive, non-toxic, biologically and 
chemically stable. Titanium dioxide, 
particularly in the anatase form, exhibits 
higher photocatalytic activity under 




ultraviolet (UV) irradiation and has a strong 
oxidizing power to decompose organic 
contaminants into environmentally harmless 
compounds such as water and carbon 
dioxide as shown in Equation (1) (Mathews 
1992, Prihod'ko  and Soboleva 2013, Atul et 
al. 2013). Additionally, complete 
inactivation of microorganisms such as 
bacteria, viruses and protozoa can also be 









     (1) 
Notably, TiO2 photocatalyst is mostly used 
to decompose organic contaminants in 
suspension forms by directly putting it into 
water ponds, which makes it impossible to 
be reused again or requires an extra process 
of filtration of the catalyst. There is 
therefore a need to develop ways in which 
this photocatalyst can be used more 
effectively. One approach is to grow TiO2 
on a substrate and to pass liquid stream of 
contaminated water over them. However, 
since the reaction velocity of this 
photocatalyst is slow, it is important to 
obtain the most suitable thin film that will 
exhibit the highest photocatalytic activity 
that can allow the application of water 
purification in large scale and at low cost.  
 
One of the most effective methods for 
fabrication of ceramic coatings and films 
from powder suspensions is Electrophoretic 
Deposition (EPD) (Boccacini and 
Zhitomisrky 2002). The EPD technique of 
materials is a simple, fairly rapid and cost 
effective two-step process for thin film 
preparation. It involves movement of 
charged particles in a suspension medium 
followed by deposition of the particles on a 
substrate under an applied DC voltage 
(Sarkar and Nicholson 1996, Van der Biest 
and Vandeperre 1999, Boccacini and 
Zhitomisrky 2002, Besra and Liu 2007, 
Kawakita et al. 2009, Narayan and Raturi 
2012, Cabanas-Polo and Boccaccini 2016). 
With EPD, it is possible to prepare 
homogeneous coated layers and the 
thickness of deposited films may be 
controlled by varying the EPD deposition 
parameters such as the choice of solvent 
(suspension), the zeta potential (through the 
charging mechanism), solid loading of the 
particles in the suspension and the 
deposition conditions such as the DC 
voltage and deposition time (Van Tassel and 
Randall 2006, Besra and Liu 2007, Radice et 
al. 2010). Different combinations of EPD 
deposition parameters have been applied by 
various authors to deposit TiO2 thin films for 
applications in Dye Sensitized Solar Cells 
(DSCs) (Sarkar et al. 1997, Miyasaka and 
Kijitori 2004, Put et al. 2004, Yum et al. 
2005, Bandy et al. 2011, Chiu et al. 2011, 
Chiang et al. 2015) in ceramic coatings 
(Allan 1976, Sarkar et al. 1997, Put et al. 
2004) and biomedical applications (Ma and 
Peng 2003, Boccaccini et al. 2010, 
Narkevica et al. 2017).  
 
In the present study, the effects of EPD 
deposition parameters (type of solvent and 
pH of suspension, concentration of TiO2 in 
the solvent, deposition time and the applied 
voltage) on the quality of deposited films 
have been investigated to determine the 
optimal parameters for a homogeneous, 
good-quality TiO2 deposits. Photocatalytic 
activity of TiO2 nanoparticles deposited at 
optimal parameters was then explored for 
decomposition of organic contaminants in 
wastewater using phenol as a model 
pollutant. 
 
Materials and Methods 
Optimization of EPD suspension related 
parameters 
Glass substrates coated with a conducting 
layer of fluorine doped tin oxide (FTO) were 
used as the electrodes in EPD cell. The FTO 
glass substrates were cleaned using 
detergent solution in a sonicator for 20 
minutes and rinsed with distilled water. 
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They were then sonicated in ethanol for 20 
minutes after which they were again rinsed 
with distilled water in ultrasonic bath. The 
EPD apparatus consisted of a cell (Pyrex 
glass beaker) and a DC power supply 
(Thurlby Thadar TS30225). The electrodes 
were partially immersed in suspension 
containing TiO2 nanopowder (CAS No. 
13463-67-7, Aldrich) dispersed in a solvent 
as shown in Figure 1. The cross section part 
of the substrate (cathode) and the counter 
electrode (anode) that was under the 
suspension were 1.5   1.5 cm
2
 and they 
were placed 1.5 cm apart. The EPD 
suspension related parameters were 
optimized by studying the effects of 
different solvents, the pH and the solid 
loading of TiO2 in the suspension, 
respectively at a deposition voltage of 20 V 
for 2 minutes. After deposition, the film 
qualities were studied to determine the 
optimal deposition conditions in terms of 
surface quality, i.e., adherence of TiO2 
particles to the substrate, film homogeneity 
and uniformity.   
 
 
Figure 1:  Schematic set-up of the EPD cell. 
 
Different solvents were tested including 
distilled water, ethanol, 2-propanol (IPA: 
isopropyl alcohol) and toluene, respectively. 
The solvents were prepared in glass beakers 
containing the same solid loading of 3 wt% 
of TiO2 nanoparticles. The effect of pH was 
analyzed using six suspensions with pH 
values in the range of 1 to 6, obtained by 
addition of nitric acid to the solvent while 
keeping the other parameters constant (i.e., 3 
wt% TiO2 solid loading and same solvent as 
predetermined in previous experiments). The 
effect of solid loading was investigated by 
using different TiO2 solid loadings ranging 
from 0.1 to 10 wt% TiO2. The charging 
mechanism was varied by addition of 
different amounts of iodine ranging from 01 
to 0.80 wt% to the EPD suspension. The 
amount of iodine is reported as wt% with 
respect to TiO2 solid loading in the 
suspension. For comparison, TiO2 
suspension without any iodine was used as a 
reference suspension. 
 




Optimization of EPD process-related 
parameters 
By using the predetermined optimized EPD 
suspension related parameters from previous 
experiments, EPD was carried out at 
constant deposition time of 2 minutes using 
different applied voltages of 10, 15, 20, 25 
and 30 V, respectively. Thereafter, EPD was 
carried out at a constant applied voltage of 
20 V and for varying deposition times 
ranging from 1 to 5 minutes. After 
deposition, the TiO2 coated substrates were 
carefully extracted from the suspension and 
the weight of the deposit was determined by 
weighing the electrodes before and after 
deposition using a 10
–4 
g precision balance 
(E. Mettler, Zurrich). Some TiO2 coated 
substrates were thermally treated in an 
electric furnace (Nobertherm LH 15/14) at 
300
 
°C, 400 °C and 700
 
°C, respectively for 
3 hours at a heating rate of 5 °C/min to 
achieve good adhesion.  
 
The film thickness was measured using 
ALPHA STEP Q equipment. The surface 
morphology of the films was investigated 
using a scanning electron microscope (SEM) 
in a JEOL 5400 microscope. Structural 
analysis was conducted using Shimadzu X-
Ray Diffractometer with Cu Kα radiation 
with a scanning range of 2 from 10° to 60°. 
 
Photocatalytic activity of TiO2  
Different concentrations of phenols were 
made ranging from 5 parts per million (ppm) 
to 100 ppm by adding phenol crystals to 
distilled water in a beaker at room 
temperature. These are the typical 
concentrations from many industries 
although the concentrations may go as high 
as 500 ppm. Photocatalytic activity of the 
TiO2 coatings were evaluated in a laboratory 
set-up where TiO2 coated glass substrates at 
optimized parameters, were immersed in 50 
mL phenol solution in a beaker and 
illuminated by UV lamps (CIGIEMME, 
ITALY) whose dominant emission was 
centered at 365 nm. For comparison, 
illumination on similar coated substrates was 
also done using direct sunlight. The 
photocatalytic activity of the titania coatings 
was evaluated based on the decomposition 
rate of phenol using bromination method 
(Sprung 1941). The intensity of the UV light 
was measured using a digital radiometer 
(SPECTROLINE DSE-100).  
 
Results and Discussions 
Effects of EPD deposition parameters on 
film quality 
Ethanol was found to be a better solvent 
compared to toluene, 2-propanol or water. 
This was due to its high dielectric constant, 
(ε = 24.3). Although water has a higher 
dielectric constant, it caused electrolysis 
even at low voltages resulting in gas 
evolution on the electrodes. Suspension 
conditions that gave good adherence of the 
TiO2 particles to the substrate with 
homogeneous coatings were a pH value of 3, 
a solid loading of 4 wt% and 0.2 wt% iodine 
concentrations in the solvent. For a low pH 
< 3 and a high pH > 5, formation of 
agglomerates occurred which reduced the 
deposit mass. This was attributed to a lower 
zeta potential (Boccacini and Zhitomisrky 
2002). Notably, electrophoretic mobility of 
the particles was the highest at a pH of 3 
such that more particles reached the 
substrate within a short period of time 
indicating a high zeta potential. This is an 
indication that the zeta potential increased 
with increase in the iodine concentration, 
reaching a maximum and thereafter it 
decreased with further increase in the iodine 
concentration probably because most of the 
available sites for ion adsorption were 
saturated. A low iodine concentration less 
than 0.2 wt% was not enough to charge the 
particles and agglomeration occurred. On 
the other hand, higher iodine concentrations 
> 0.3 wt% resulted in undissolved iodine in 
the solvent with most of the iodine settling 
at the bottom of the EPD cell with TiO2 
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particles attached to them. Lastly, a high 
solid loading > 4 wt% caused formation of 
TiO2 clusters due to high concentration of 
particles in the solvent resulting in non 
uniform deposit.  
 
Figure 2 shows the variation in the TiO2 film 
thickness with deposition time at constant 
low deposition voltages. It is observed that 
the film thickness increases nearly linearly 
with deposition time but tends to plateau at 
high deposition durations. This could be 
attributed to the increase in the resistance of 
the film attributed to thick film deposits. 
Figure 3 shows the variation of the deposit 
mass with deposition time for various 
applied DC voltages at the optimal EPD 
suspension parameters. It is observed that 
for constant applied DC voltage, the film 
deposition mass increased, first nearly 
linearly (indicating a constant deposition 
rate) followed by a plateau at high 
deposition times greater than 210 seconds. 
This was attributed to diminishing amount 
of the TiO2 particles in the suspension such 
that fewer particles were available for 
deposition after long deposition times. 
Deposition mass remained constant after 210 
seconds for voltages of 20, 25 and 30 V, 
respectively, indicating saturation. 
 
Notably, higher voltages (> 20 V) caused 
high currents resulting in rapid deposit 
formation with growth of TiO2 clusters as 
shown in the SEM micrograph of Figure 4a. 
At the same time, an increase in hydrolysis 
of the solvent occurred thereby interfering 
with particle deposition due to undesirable 
formation and entrapment of bubbles within 
the deposit. These effects increased the 
resistance of the film causing a reduction in 
the current with a subsequent reduction in 
electrophoretic mobility such that fewer 
particles reached the substrate. Similar 
observations have been made by Boccacini 
and Zhitomisrky (2002) in aqueous slurries. 
For applied voltages of 20 and 25 V, TiO2 
particles adhered well to the substrates and 
the coatings were homogeneous as shown in 
Figure 4b. Consequently, 20 V was chosen 
as the optimal voltage for coating of TiO2 
with a deposition time of 210 seconds.  
 
Photocatalytic activity of TiO2 
The photocatalytic activity of TiO2 was 
found to be dependent on film thickness and 
sintering temperature among other factors 
such as the intensity of the UV light. Figure 
5 shows the variation in the decomposition 
rate of phenol with UV illumination, using 
TiO2 films of varying thicknesses and 
sintered at 300 °C. It is observed that the 
decomposition rate decreased nearly 
exponentially with increase in illumination 
time irrespective of the film thickness. On 
the other hand, for a given illumination time, 
photocatalytic activity increased with 
increase in film thickness up to an optimal 
film thickness of 95 ± 2 µm, beyond which, 
the effect decreased with further increase in 
film thickness. This is an indication that 
very large TiO2 film thickness has the effect 
of reducing the light penetration depth into 
the film through absorption and scattering 
such that less light reaches the TiO2 particles 
at the bottom of the film. Consequently, this 
causes a reduction in the number of 
electron–hole pairs produced, resulting in 
less photocatalytic effect. A similar 
observation was made by Chen and Ray 
(1999), for a slurry reactor. Complete 
oxidation of phenol was observed after 10 
hours using a film thickness of 95 ± 2 µm. 
 


























Figure 2: Variation in film thickness of TiO2 films with EPD deposition time. 
 
 
Figure 3:  Variation of deposition mass with deposition time for different deposition voltages and 
a solid loading of 4 wt %. 
 




Figure 4: SEM of TiO2 deposited films (a) at 30 V for 210s showing TiO2 clusters and (b) at 20 V 
and 210s showing uniform film coating. 
 
 
Figure 5: Variation of phenol concentration with illumination time on TiO2 films of varying 
thicknesses heated at 300 °C. 
 
Figure 6 shows the effect of sintering 
temperature of TiO2 films on photocatalytic 
activity of phenol using film thickness of 33 
± 2 µm. It is observed that the photocatalytic 
activity decreased with increase in the 
sintering temperatures of TiO2 films. This 
could be attributed to the change in phase 
when TiO2 is heated in the temperature 
range of 600 to 800 °C, where an 
irreversible conversion of the anatase to 
rutile phase occurs (Allan 1976). Since 
anatase is more efficient in photocatalytic 
activity than rutile, this conversion causes a 
reduction in photocatalytic activity for films 
heated above 600 °C. This phenomenon is 
evidenced by the XRD results of Figure 7 
a b 
 




which show an increase in the peak 
intensities of rutile with when heated at 700 
°C. 
From Figure 7, the XRD pattern of the 
unheated TiO2 powder shows the peaks of 
anatase and rutile at 2θ = 25.42°
 
and 27.50°, 
respectively. The composition of the 
respective phases such as rutile in the 
original powder of TiO2 was calculated 
















x   (2) 
Where: x is the weight fraction of rutile in 
the powder, while IA and IR are the x-ray 
peak intensities of anatase and rutile, 
respectively. The results indicated that there 
was 23.84% rutile in the unheated samples. 
Heating at 300 °C and 400 °C for 3 hours 
resulted in virtually no change in phases of 
TiO2. However, at 700 °C, an increase in the 
rutile content from 24.59% to 45.21% 
occurred indicating that rapid transition of 
anatase to rutile occurs at high temperatures. 
Similar observation was made by Allan 
(1976) who noted that high temperatures 
above 600 °C favour the conversion of 
anatase into rutile. This explains the 
decrease in the decomposition rate of phenol 




























Figure 6: Decomposition of phenol for films sintered at different temperatures showing 
reduction in photocatalytic activity with sintering temperature. 




Figure 7:  XRD patterns of unheated and heated samples of titanium dioxide showing increase in 
rutile phase at 700 °C. 
 
An important feature to point out is that 
these phase changes are also accompanied 
by a reduction in the surface areas of the 
TiO2 particles due to the micro-cracking 
associated with the mismatch in the thermal 
expansion coefficients between anatase and 
rutile. Rutile has a higher thermal expansion 









). As such, 
during cooling, the differential contraction 
between these phases causes micro cracking 
in the TiO2 matrix resulting in reduction in 
the surface area of the TiO2 particles. 
Consequently, there are fewer sites for 
adsorption of the contaminant particles 
leading to reduced photocatalytic activity. 
This phenomenon is shown in Figure 8 
where it is observed that lower sintering 
temperature (400 °C) causes less micro 
cracking in the matrix in the matrix (Figure 
8a) compared to samples heated at higher 
temperatures (700 °C) (Figure 8b) due to the 
differential thermal expansion coefficients 
between anatase and rutile phases. 
 






Figure 8: SEM of TiO2 thin films heated at (a) 400 °C and (b) at 700 °C. 
 
Effect of UV intensity on photocatalytic 
activity 
Table 1 shows the effect of UV light 
intensity on the photocatalytic activity of 
phenol. It was observed that doubling the 
UV intensity increased the photocatalytic 
effect although not by the same proportions. 
This implies that the rate of photo-
excitations of the TiO2 particles to form OH 
radicals responsible for photocatalytic 
oxidation is also dependent on other process 
related factors apart from the amount of UV 
intensity alone. Also shown in the table is 
the data for natural sunlight which shows 
very little photocatalytic effect since 
sunlight contains only about 4–5% of UV 
light (although this may vary from place to 
place). As such, there is little photo-
excitation of TiO2 particles to form OH 
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Table 1: Variation in the concentration of phenol (ppm) after illumination with UV light of 
different intensities for various time durations 
 Illumination intensity (mW/cm
2
) 
Time (h) Sunlight 1.8  3.6 5.4  
0 20 ± 0.1 20 ± 0.1 20 ± 0.1 20 ± 0.1 
2 20 ± 0.1 17 ± 0.1 16 ± 0.1 14 ± 0.1 
4 20 ± 0.1 14 ± 0.1 12 ± 0.1 9 ± 0.1 
6 20 ± 0.1 10 ± 0.1 9 ± 0.1 6 ± 0.1 
8 19 ± 0.1 8 ± 0.1 7 ± 0.1 3 ± 0.1 
10 19 ± 0.1 4 ± 0.1 3 ± 0.1 1 ± 0.1 
 
Conclusions 
The implications of the current work are 
quite significant. First, this study 
demonstrated EPD as an inexpensive 
method for thin film coating. However, it is 
necessary to optimize the suspension and 
deposition conditions for good quality film 
deposits. The zeta potential is the most 
important parameter to monitor since it 
determines the suspension stability. It is 
necessary to select the appropriate solvent, 
pH value and dispersant concentration 
necessary to attain high zeta potential. The 
control of deposition voltage and time is also 
important for good quality thin films 
deposits. Furthermore, this study shows that 
the EPD technique can be applied in the 
design of inexpensive wastewater 
purification systems for light industries 
before discharge into the ecosystems. 
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